A sensor membrane based on the fluorescence enhancement of a novel triazine-thione derivative, 4-ethyl-5-hydroxy-5,6-di-pyridin-2-yl-4,5-dihydro-2H-[1,2,4]triazine-3-thione, was capable of determining mercury(II) with high selectivity over the range 5.0 Â 10 À10 and 5.0 Â 10 À5 mol L À1 with a limit of
Introduction
Mercury is a potentially toxic environmental pollutant that is among the most highly bioconcentrated trace metals in the human food chain and several international committees have targeted mercury for special attention with regard to its emissions and effects on human health [1, 2] . Hence, determination of trace mercury is important for regulatory and control purposes. The most widely used methods for determining mercury are cold vapour atomic absorption spectrometry [3] , cold vapour atomic fluorescence spectrometry [4] , X-ray fluorescence spectrometry [5] , inductively coupled plasma-mass spectrometry [6] and voltammetry [7] . With regard to sensitivity and accuracy, whilst these methods are efficient tools for mercury determination, they are time-consuming, expensive and require sophisticated equipment [8] . Thus, much interest has attended the development of fluorescent sensors that offer distinct advantages in terms of sensitivity, selectivity, response time and remote sensing [9, 10] .
A variety of reagents has been used for constructing mercury ion optical sensors, these including 1-(2-pyridylazo)-2-naphthol (PAN) [11] , 1,5-di-(2-fluorophenyl)-3-mercaptoformazan (F 2 H 2 Dz) immobilized and plasticized with tri-n-butylphosphate (TBP) polyurethane foam (PUF) [12] , p-dimethylaminobenzaldehyde thiosemicarbazone (DMABTS) [13] , 5,10,15,20-tetraphenylporphyrin (H2tpp) [14] , 4-(2-pyridylazo)resorcinol (PAR) [15] , reflectance spectroscopy based on zinc-dithizone on XAD-7 [16] and 4-phenolazo-3-aminorhodanine into polyacrylonitrile fibers filled into ion exchangers [17] .
Generally, sol-gel glasses [18, 19] or polymer matrices are used for the preparation of optical chemical sensors. Polyvinlyl chloride (PVC) has been used for the preparation of the membrane sensors due to its relatively low cost, good mechanical properties and amenability to plasticization [20] . Shamsipur et al. [21] -selective fluoroionophore in a plasticized PVC membrane containing potassium tetrakis(p-chlorophenyl)-borate as a liphophilic anionic additive. A selective optical sensor membrane for the detection of mercury(II) was proposed by Murkovic and Wolfbeis [22] in which the sensing layer comprised plasticized PVC containing a lipophilic borate salt as a reagent for Hg(II) and an amphiphilic oxacarbocyanine dye as optical transducer. He et al. [23] . CanoRaya et al. [25, 26] and Kuswandi et al. [27] have reported disposable sensors for Hg 2þ based on plasticized PVC membrane that function in the working ranges and/or limits of detection (LOD) of mercury sensors have been summarized in Table 1 . This paper concerns the photocharacterisation of the novel, fluorescent dye, 4-ethyl-5-hydroxy-5,6-di-pyridin-2-yl-4,5-dihydro-2H-[1,2,4]triazine-3-thione (EHT) and its use as a selective, sensitive optical sensor for mercury ions. The sensing procedure developed has been successfully employed for the determination of trace mercury in water and hair samples.
Experimental

Reagents
The polymer membrane components, polyvinylchloride (PVC) (high molecular weight) and the plasticizers, bis-(2-ethylhexyl) phtalate (DOP), bis(2-ethylhexyl)sebecate (DOS), bis-(2-ethylhexyl) adipate (DAO) and 2-nitrophenyl octyl ether (NPOE) were obtained from Fluka. The lipophilic anionic additive reagent potassium tetrakis-(4-chlorophenyl) borate (PTCPB) was supplied by Aldrich. Absolute ethanol (EtOH), tetrahydrofuran (THF), dichloromethane (DCM), acetone, nitric acid, hydrogen peroxide and anthracene were purchased from Merck. Thiourea was obtained from BDH. Sheets of Mylar-type polyester (Dupont, Switzerland) were used as support. All solutions were prepared with glass-distilled water.
The synthesis of EHT ( Fig. 1 ) was undertaken according to the published procedure [28] .
Instrumentation
UVeVis absorption spectra were recorded using Varian Cary 100 bio UVeVisible spectrophotometer. All fluorescence measurements were carried out on a Shimadzu RF-5301 PC spectrofluorimeter with a Xenon short arc lamp as the light source. PSA 10.004 atomic fluorescence spectrometer was also used for mercury measurements. Measurement of pH was performed using a WTW 82362
Weliheim pH 330i pH-meter calibrated with Merck pH standards of pH 4.00, 7.00 and 10.00. The film thicknesses of the sensing slides were measured with Ambios Technology XP-1 HGH Resolution surface profiler.
Structural characterization of the 4-ethyl
The novel 1,2,4-triazine-3-thione derivatives were obtained using a one-step process [28] . The structure of the compounds were determined using infrared (IR), 1 
Preparation of polymer film
The membrane cocktail was prepared by dissolving a mixture of 120 mg of PVC, 240 mg of plasticizer (DOP), 2.0 mg of PTCPB and 2.0 mg of EHT dye in 1.5 mL of dried THF. The prepared mixtures contained 33% PVC and 66% plasticizer by weight which is in accordance with literature [29, 30] . The resulting cocktails were spread onto a polyester support (Mylar TM type) located in a THFsaturated desiccator. The polymer support is optically fully transparent, ion impermeable and exhibits good adhesion to PVC. The films were kept in a desiccator in the dark. This way the photostability of the membrane was ensured and the damage from the ambient air of the laboratory was avoided. Each sensor film was cut to a size of 13 Â 50 mm. The film thicknesses of the sensing slides Absorption and fluorescence emission spectra of PVC membranes were recorded in quartz cells which were filled with sample solution. The polymer films were placed in diagonal position in the quartz cell. The advantage of this kind of placement was to improve the reproducibility of the measurements. All of the experiments were operated at room temperature, 25 AE 1 C. The membranes were not conditioned before use.
Results and discussion
Spectral characterization studies
The emission and excitation spectra of EHT dye were recorded in the solvents of different polarities and PVC matrix. The gathered excitation-emission spectra of the EHT dye are shown in Fig. 2 
. The
Stokes shift values, Dl ST (the difference between excitation and emission maxima) were extracted from spectral data which are given in Table 2 . Since larger Stokes shifts are obtained in polar solvents [9] , the highest Stokes shift for the EHT dye was observed in EtOH in this study. The EHT dye exhibited higher fluorescence intensity in PVC matrix compared to that in the solvents. The immobilization of dye molecules in solid matrix may reduce intramolecular motions and rearrangements, thus leading to enhanced fluorescence capability.
Fluorescence quantum yield calculations
Fluorescence quantum yield values (V F ) of the EHT compound were calculated employing the comparative William's method which involves the use of well-characterized standards with known (V F ) values [31] . Anthracene ðq ST ¼ 0:27Þ in ethanol was used as a standard [32] . For this purpose, the UVevis absorbtion and emission spectra of six different concentrations of reference standard and EHT were recorded. The integrated fluorescence intensities were plotted versus absorbance for the reference standard and the dye. The gradients of the plots are proportional to the quantity of the quantum yield of the studied molecules. The data obtained and quantum yield (V F ) values calculated according to Eq. (1) are shown in Table 2 .
where ST and x denote standard and sample, respectively, Grad is the gradient from the plot and n is the refractive index of the solvent or polymer matrix material. As seen from the data in Table  2 , the quantum yield of the EHT dye depends on the polarity of organic solvents. Upon increasing the solvent polarity, the quantum yields found decreased significantly, that is in accordance with the literature [9] .
Response of sensing membrane to Hg 2þ
Preliminary experiments showed that EHT immobilized into PVC membrane incorporating plasticizer and PTCPB has the necessary conditions of a suitable ligand for detection of Hg 2þ . In the presence of mercury ion, a relatively strong complex is formed between Hg 2þ and EHT with a corresponding increase in the quantum yield (Table 2 ) and thus the fluorescence intensity. In order to determine the stoichiometry of the EHT-Hg 2þ complex, the method of continuous variations (Job's method) was used (Fig. 3) . In Job's method different amounts of stock solutions of metal and ligand are mixed varying the mole ratio of reactants. (Fig. 4) .
Thiol group forms as a result of tautomerism in the ligand [28] . Since the complex has 1:1 stoichiometry the complex is expected to be formed between the more acidic eSH group of the ligand and Hg 2þ . Fig. 5 shows the fluorescence emission spectra of the sensing membrane exposed to the solutions containing different concentrations of Hg 2þ by exciting at 320 nm. Noticeable increase of the fluorescence emission intensity appeared in the presence of Hg 2þ , which was attributed to the formation of a complex between EHT 
Effect of membrane composition
The membrane composition is well documented to largely influence the response characteristics and working concentration range of the optical sensors [14,19,21,25e27,34,35] . Several solvent mediators such as DOP, DOS, DAO, and NPOE were tested as potential plasticizers for preparing the membrane. The membranes were prepared from a mixture of 120 mg PVC, 240 mg of the plasticizer, 2.0 mg of PTCPB and 2.0 mg of EHT dye. Those compounds were dissolved in 1.5 mL THF as described in the procedure above. The fluorescence measurements were made for different concentration of Hg(II) ions for the membranes with different types of the plasticizers. The results are shown in Table 3 . We found that DOP acts superior with respect to other common plasticizers used in the construction of the Hg 2þ optical sensor, because of the membrane containing DOP revealed best physical properties with maximum sensitivity and minimum leaching, probably due to highest lipophilicity and suitable polarity [36] .
Effect of pH value
The complexation reaction of the optode with Hg 2þ ion is affected by the pH of the solution. ) buffer solution was selected as optimal experimental condition.
Regeneration of the optode
After the contact of the optode membrane with Hg 2þ solution, it must be regenerated using a suitable stripping reagent. Preliminary experiments were performed to select a suitable regenerating 
). Fig. 4 . Non-linear fitting of the spectrometric titration curve of EHT with Hg 2þ in THF 
Table 3
Effect of different type of plasticizer on the response of the sensor for determination of Hg(II) at pH 5.5. , thiourea were tested. The best reagent was 5% thiourea in 1.0 mol L
À1
HCl solution (acidic thiourea) that gives a short regeneration time (2 min). This is possibly because thiourea behaves as a strong Bronsted acid (pK a ¼ À1 for acidic thiourea) and has a higher complex formation constant (K 1 ¼ 10 11.4 for Hg 2þ ) than EHTeHg 2þ complex.
Reproducibility and reversibility
The reproducibility and the reversibility of the optode membrane in the determination of mercury was evaluated by repeatedly exposing the optode membrane to a 5.0 Â 10 À6 mol L
À1
Hg 2þ solution and a 5% thiourea in 1.0 mol L À1 HCl solution. The sensor was fully reversible and can be regenerated with acidic thiourea solution (Fig. 7) . Between the first and eighth cycles, the level of reproducibility of the upper signal level achieved was quite good with a low standard deviation, 68.4 AE 1.9. One sensor film could be used for about 20 repetitive cycles and when kept in a THF-saturated desiccator in dark the same sensor film was found to be stable for at least four months. The limit of detection (LOD) based on three standard deviations of the blank signal was found to be 1. 
The results of these tests on potential interferences are summarized in Table 4 . No significant interferences were observed if a less than AE5% relative error was tolerated.
Analytical application
In order to assess the usefulness of the proposed method for the determination of Hg 2þ , it was applied to actual samples of water and hair. Approximately 0.5 g of hair sample was cut with stainless steel scissors from the nape of the neck near the scalp region. Hair washing prior to analysis is required to provide an accurate assessment of endogenous metal content. The washing procedure carried out in this work was the proposed one by the International Atomic Energy Agency [37] , using ultrapure water and acetone as washing solvents. The hair samples were decomposed using classic acid digestion method. To carry out the digestion of the samples, 0.3 g of the washed hair samples were accurately weighed into a 100 mL beakers. Then 5 mL of concentrated HNO 3 and 2.5 mL of 30% (v/v) H 2 O 2 were added and the mixture was heated on a hot plate for 1 h at 150 C for complete digestion of the sample. The ; error bars were calculated with n ¼ 5). c DF is the difference of fluorescence intensities before and after exposure to interferent cations. digests were brought to near dryness, the residue was dissolved in water and made up to 25 mL. Tap water samples were collected from the laboratory. The results obtained by the proposed method were compared with cold vapour atomic fluorescence spectroscopy (CV-AFS). From the results of three replicate measurements given in Table 5 , it is immediately obvious that there is satisfactory agreement between the results obtained by the Hg 2þ selective optode and by CV-AFS.
Conclusions
We have developed a new optical chemical sensor based on a novel triazine-thione derivative in plasticized PVC membrane for the determination of Hg 2þ ions, with good optical and mechanical
properties. The optode is fully reversible, highly selective and can be easily regenerated with acidic thiourea solution. A very low LOD, 1.8 Â 10 À10 mol L
À1
, was reached. The proposed optode has a wide dynamic range, a reproducible response and provides an inexpensive and quick method for the determination of Hg 2þ . The sensor was applied successfully to the determination of mercury in real samples.
